We prospectively studied 250 patients with a proximal hydroxyapatite coated hip prosthesis. The follow-up period was 5 years. All components showed osseointegration except for one deep infection. The morphology of bone remodeling with either endosteal bone formation or periosteal bone formation was dependent on the way the stem filled the medullary canal. No linear or distal osteolysis around the stems was observed.
Introduction
Hydroxyapatite (HA) coatings have been shown to provide a secure and reliable bond between prosthesis and bone even under loaded conditions and over long periods of time [3, 7, 11, 12, 15, 21, 23, 24, 25] . This study presents the clinical and radiographic results of 250 consecutive primary total hip arthroplasties (THA) with a cementless HA coated prosthesis designed for proximal stem osseointegration. Special consideration was given to the osseointegration and radiographic features around the components.
Patients and methods
Between May 1990 and August 1993 250 consecutive primary THAs were performed in 227 patients in our teaching hospital by using a cementless HA coated prosthesis (Anatomique Benoist Girard, Stryker, UK) made of a titanium alloy (Ti6A14 V) ( Fig. 1 ) [25, 26] . The average age of the patients at the time of surgery was 67 years (range 25-86 years). Sixty-four hips were implanted in men and 186 in women; the mean body weight of the patients was 72 kg (range 37-110 kg), their mean height 166 cm (range 83-187 cm). The left hip was replaced in 112 cases, the right hip in 138. Primary osteoarthritis was the most common diagnosis (210 cases), next to rheumatoid arthritis (18 cases), while 17 hips had been operated on previously for various other diagnoses.
Surgery was performed in a standard operating theatre. Systemic prophylactic antibiotics and oral anticoagulation were administered routinely. The approach was lateral (Hardinge ap-proach) in 191 cases and anterolateral (Watson-Jones) in 59; no trochanteric osteotomies were made. The distal femur was reamed to a diameter slightly greater (1-1.5 mm) than the diameter of the prosthesis that was to be inserted. Full weight bearing with crutches was allowed immediately postoperatively.
All patients were included in a prospective follow-up study using the Merle d'Aubigné functional scoring system [19] . They were reviewed again clinically and radiographically at 3, 6 and 12 months after surgery and yearly thereafter. All changes were described using the Gruen zones [14] for the proximal femur and the De Lee and Charnley zones [6] for the acetabulum. Osteolysis was defined as a scalloped erosion of greater than 2 mm in diameter at the bone-prosthesis interface. Resorption or densification of bone was not quantified but graded as present or absent as compared with the previous set of radiographs. The position of the stem was considered to be in varus or valgus when it showed a deviation of 3°from the neutral. Likewise, using a radiographic template, both cranial and medial migration of the socket and the head were measured on standing AP radiographs. The stem was qualified as completely filling the medullary canal when less than 1 mm was measured on both sides between the stem and the cortex on the AP radiograph. The components were defined as being fixed by osseointegration when there was no subsidence or migration and no formation of radiolucent or radiodense line along the HA-coated portions of the prosthesis.
Statistical analysis of the results was performed and the influences of clinical and radiographic variables were studied using the chi-square tests, the two-tailed Student's t-test or logical regression, depending on group characteristics. Statistical significance was set at P≤0.05. Survival was calculated using revision or pending revision due to aseptic loosening as the definition of failure.
Results
Thirty-one patients (31 hips) died during the first 5 years. None of the surviving patients were lost to followup. At 5 years postoperatively 219 hips were available for evaluation. At the 5-year visit 215 original stems and 218 cups were still in situ.
Peroperatively 5 fissures of the proximal femur occurred. One peroperative fracture of the greater trochanter was displaced with time and then needed internal fixation. There were 8 wound hematomas, 1 superficial infection and 3 deep infections. Two transient lesions of the femoral nerve were seen, while one sciatic lesion only recovered partially [17] . There were three early dislocations. None developed into recurrent dislocations. There were three late stem revisions; two after a periprosthetic fracture and one for unexplained thigh pain.
The inclination of the metal acetabular component as measured on standing AP radiogram was between 40°a nd 55°in 82% of the hips. In 11% of the hips the angle was 55°or more. All acetabular components showed good osseointegration without any migration. Only in 8 hips had changes appeared in the pelvic bone around the acetabular component. Signs of polyethylene wear were noted in 43 cases at 5 years. Cups that were inserted with an inclination of 55°or more showed significantly augmented wear (P≤0.001), as did cups with an outer diameter smaller than 52 mm (P≤0.01 chi-square test).
On the first postoperative radiogram 31 femoral stems were in varus and 4 in valgus. The positions did not change significantly during the follow up. Slight distal migration of the stem (<5 mm) was observed in 5 patients at 3 months, but had stopped at 6 months. Late subsidence only occurred in 2 patients who sustained a fracture of the proximal femur after a fall.
Structural changes of the femoral bone became apparent at between 3 and 6 months. Densifications of cancellous bone were seen along the femoral stem at the point of transition between the coated and non-coated parts of the stem in Gruen zones 2 and 6, from 3 months and onwards. These bone densifications were progressive in frequency and, from 1 year onwards, the areas of bone apposition slowly expanded distally into the upper parts of Gruen zones 3 and 5 (Fig. 2) .
Endosteal reactive lines became visible on radiographs, in Gruen zone 4, between the first and second year postoperatively. The incidence increased strongly between the second and third year (Fig. 3) .
Resorption of bone was mainly observed in Gruen zone 7A and especially after the second year it was observed with progressive frequency. At 5 years it was present in 43% of the hips.
Densification of cortical bone was observed in Gruen zones 2, 3, 5 and 6 from 3 year onwards, in 12%, 3%, 3% and 15%, respectively, at the 5-year visit.
The pattern of peripheral thickening of the femoral cortex followed that of cortical bone densification. Ob- served from the third postoperative year onwards it was noted in 10%, 7%, 5% and 7% of the hips in Gruen zones 2, 3, 5 and 6 respectively at the 5-year visit. These mostly symmetrical bone reactions were mainly seen in hips in which there was a tight fit of the stem in the femoral canal. When a relatively smaller size stem was used, cortical thickening was hardly seen, as is demonstrated by several patients with a bilateral hip replacement in whom one femoral prosthesis was large, filling the medullary canal entirely, and the contralateral prosthesis was smaller (Fig. 4) . The correlation between the stem filling the medullary canal completely in the AP radiograph and symmetrical cortical thickening was significant (P<0.001 chi-square test). Small cyst formation (<5 mm in diameter) as a sign of polyethylene-wear induced osteolysis, was observed in Gruen zone 7A in 4 cases. Periarticular ossifications were recorded using the Brooker grading system [5] . At the 5-year visit 23% hips had grade I ossifications, 8% grade II, 2% grade III, 0.5% grade IV.
The cumulative survival at 5 years was 0.996 for the acetabular component (95% confidence interval between 0.978 and 0.999) and 0.992 for the femoral stem (95% confidence interval between 0.971 and 0.999). For the worst case scenario (2 extra stem revisions after a femoral fracture) this figure was 0.984 (95% confidence interval between 0.959 and 0.996).
Discussion
With a follow-up period of 5 years the clinical results of this prosthesis can be compared with several other noncemented prostheses [1, 2, 4, 9, 13, 18, 20, 27] . Since the patients were considerably older (mean age 67 years) than patients in most other studies one might assume that the present study contained more patients with poorer quality of bone stock. Although only 47% scored a good bone stock by using the modified Singh index this did not compromise clinical success and osseointegration.
The radiographic osseointegration is characterized by a specific pattern of bony features in the proximal femur. Positive bone remodeling in the form of endosteal bone apposition in Gruen zones 2 and 6 suggests that the transfer from stem to femoral bone occurs in this area and that the prosthesis is securely bonded there. Somewhat later during the follow-up a slow process of bone resorption (negative bone remodeling) in the region of the lesser and greater trochanter started. The concomitant formation of a reactive line around the distal part of the stem in Gruen zones 3, 4 and 5 is thought to be consistent with the presence of a fibrous interface as a result of micromotion in this area. These three characteristic radiographic features confirm our goal for the femoral stem that osseointegration should occur mainly proximally. In fact, after 5 years most of the bone apposition occurs adjacent to that part of the femoral stem where the HA coating ends, the so-called transitional zone. We would have expected the apposition to occur more proximally since the coating was present only on the proximal one third of the stem. Instead we found that the region in which the most prominent cancellous and cortical densifications were observed gradually shifted from proximally in Gruen zones 2 and 6 to more distally in these same zones. Formation of new bone in the area near the lower edge of HA coatings was predicted by Huiskes et al. [16] using finite element analysis. The explanation was that particularly in this area endosteal stress concentrations are caused by the abrupt transition from a bonded to a loose interface.
The incidence of cortical thickening (5.6-10.7%) and cortical densification was of low frequency and mainly symmetrical, i.e., evenly distributed around the stem. Other authors observed more cortical thickening around HA coated stems. D'Antonio et al. [2] observed 47% cortical thickening in Gruen zone 5 along with 63% calcar resorption after nearly 6 years with a proximally coated stem. Geesink and Hoefnagels [13] using the same design of prosthesis reported nearly the same figures. Vedantam and Ruddlesdin [27] , inserting a completely HA coated stem, reported 26-46% cortical hypertrophy in Gruen zones 3 and 5 after only 2 years with femoral neck resorption in more than 57% of cases. The phenomenon of cortical hypertrophy was also noted with non-cemented, non-HA coated stems. Mulliken et al. [20] reported this cortical hypertrophy in 35% of their patients, especially in Gruen zones 3 and 5. All these authors advised inserting the largest stem that the femoral canal will allow. In non-cemented porous coated hips it was observed that poorly fitting stems were less likely to become fixed by bony in-growth; so in order to achieve predictable fixation it was advised to implant the stem with a tight fit at the isthmus and to fill the medullary canal completely [10, 20] . In a former article it has been suggested that there is an obvious correlation between the phenomenon of cortical thickening as a sign of local load transference and the configuration of the stem filling the medullary canal [26] . This time it could be statistically proven that the concept of transitional load transfer from proximal to distal is morphologically dependent of the way the stem fills the medullary canal. Mulliken et al., in their study of 416 non-cemented THAs [20] , could not explain this finding, but Whiteside [28] , in his study on the effect of stem fit on bone hypertrophy, observed that 24 of the 67 patients in the tight distal stem group showed distal cortical hypertrophy, while none of the 38 patients with a loose distal fit, did. Therefore, diaphyseal fill is not pursued with the ABG prosthesis and this may be the explanation for the less than 8% distal cortical thickening observed in Gruen zones 3 and 5 and 43% calcar resorption after 5 years of follow-up.
Polyethylene wear debris-initiated bone resorption can be observed as a lytic (localized) or as a linear (diffuse) phenomenon. Schmalzried et al. [22] suggested that the difference between the two might be related to the local concentrations or distribution of particulate debris. When osseointegration in HA-coated stems occurs, the medullary cavity of the diaphysis becomes circumferentially sealed, preventing the migration of particulate debris downwards along the interface and preventing the formation of linear lesions. Instead, particulate debris accumulates along the proximal rim of the femur and in this manner gives rise to the observed localized lesions. Currently we have not observed cystic lesions exceeding 5 mm in width nor have any progressed beyond Gruen zone 7A, but it is well known that polyethylene wear may be accelerated by the metal backing, patient activity and weight. Thus, the patients in our series participating in sports activities at the 5-year follow-up are potentially at risk for augmented polyethylene wear.
Three deep infections were encountered in the early postoperative period. Two of these progressed to normal osseointegration of the components; a third did not. The question of whether HA coating has an influence on the rate of infection or on the course of an occurring infection is currently being addressed in an experimental study.
In conclusion, our results confirm that fixation by means of osseointegration of a proximally HA-coated hip prosthesis is very reliable irrespective of factors such as age, sex, weight, activity or quality of bone stock and diagnosis. Secondly, we found that the morphology of the positive bone remodeling around the stem, with either endosteal bone formation or periosteal bone formation, was dependent on the way the stem filled the medullary canal.
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